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Abstract:  
Three dimensional conjugate heat transfer simulation of a standard parabolic trough thermal 
collector receiver is performed numerically in order to visualize and analyze the surface thermal 
characteristics. The computational model is developed in Ansys Fluent environment based on some 
simplified assumptions. Three test conditions are selected from the existing literature to verify the 
numerical model directly, and reasonably good agreement between the model and the test results 
confirms the reliability of the simulation. Solar radiation flux profile around the tube is also 
approximated from the literature. An in house macro is written to read the input solar flux as a heat 
flux wall boundary condition for the tube wall. The numerical results show that there is an abrupt 
variation in the resultant heat flux along the circumference of the receiver. Consequently, the 
temperature varies throughout the tube surface. The lower half of the horizontal receiver enjoys the 
maximum solar flux, and therefore, experiences the maximum temperature rise compared to the 
upper part with almost leveled temperature. Reasonable attributions and suggestions are made on 
this particular type of conjugate thermal system. The knowledge that gained so far from this study 
will be used to further the analysis and to design an efficient concentrator photovoltaic collector in 
near future. 
Keywords: Solar energy, parabolic trough collector, computational analysis 
Introduction 
Concentrated solar thermal and photovoltaic energy technology is very promising in the renewable 
energy field. Parabolic Trough Concentrator (PTC) collectors are the most proven solar 
concentrators for indirect steam generation in solar thermal power plants. Fabrication process of 
Parabolic Trough Concentrator (PTC) is easier than dish type and compound parabolic 
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concentrator. Further, it requires simpler single-axis solar tracking system. Furthermore, since they 
are capable to supply thermal energy over a wide range of temperature without any serious 
degradation in the efficiency, PTC thermal collector is the most frequently used one in the thermal 
power plants for steam generation. Therefore, because of the same advantages, PTC may have an 
edge over other concentrators for using with concentrated photovoltaic (CPV) collectors (Sharan, 
Mathur et al. 1987; Sharan, Mathur et al. 1987; Thomas and Guven 1993; Bakos, Ioannidis et al. 
2001). Indeed, its suitability as a concentrator for the CPV applications is well demonstrated 
(Blakers et al., 2003; Coventry Joe S., 2005; Coventry J.S. et al., 2002, 2003; Sala et al., 1996). 
However, the irradiance profile of the concentrator on its focal plane is not uniform, and the non-
uniformity further worsens if the geometry of the absorber changes from a flat to tubular 
configuration (Jeter 1986; Kreske 2002). Moreover, the concentrated light demands better cooling 
performance to allow a reasonable operating temperature for the integrated PV module (Nilsson, 
Håkansson et al. 2007). PV is sensitive to spatial uniformity of incident light and the cell operating 
temperature. This article makes a part of a project, in which incident radiation flux profile around a 
(tubular and/or faceted) receiver will be predicted by using optical ray tracing method, and the same 
receiver will be analysed computationally for that optical data to observe the temperature 
distribution around it. The receiver of LS-2 parabolic trough concentrator collector is modelled first 
to enhance the background knowledge. LS-2 parabolic trough is a proven solar collector for solar 
electricity generation, which is used in the SEGS III-VII plants (Dudley, Kolb et al. 1994). At the 
initial stage, optical data for the receiver is reproduced from available literature by Cheng et al 
(2010), and is transferred directly into the computational model to analyse the conjugate heat 
transfer (CHT) characteristics. The numerical analysis is facilitated using Fluent software package. 
This article explains a three dimensional numerical simulation, and the conjugate heat transfer 
characteristics of the collector receiver. The knowledge that gained so far from this study will be 
used to further the analysis and to design an efficient CPV collector in near future.  
Model description  
Physical model 
The LS-2 parabolic trough collector and the receiver configurations are sketched in Fig. 1 and Fig 2 
respectively. The details of the collector and the experimental results are available in Dudley et al. 
(1994). Following assumptions are adopted to simplify the primary model such as:  
a. incident angle modifier (k) is unity, which is true at an incidence angle of zero  
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b. the vacuum level inside the envelope is sufficient to eliminate conduction and convection loss 
essentially from the absorber tube 
c. infrared radiation exchange between the absorber surface and the glass envelop is almost 
negligible  
d. the pressure gradient is low enough such that the flow is incompressible, and steady state  
e. the absorber is infinitely long to end loss  
f. the edges of the tube are perfectly adiabatic  
g. no heat transfer through the interface between the outer surface of the flow restriction device 
and the heat transfer fluid at the steady state condition  
8 
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Fig. 1. Schematic diagram of the PTC collector (all dimensions are in ‘m’ and not to the 
scale). 
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Fig. 2. Cross-section of the collector absorber (all dimensions are in ‘mm’ and not to the 
scale). 
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h. the model is physically and theoretically symmetrical along the global (vertical) y-z plane. 
However, though the flux profile around the receiver tube is found symmetrical along the y-z 
plane by Cheng et al. (2010), the temperature profile, however, negligibly asymmetric.  
Based on these simplified assumptions the computational domain includes only the fluid domain as 
shown in Fig. 4. The domain requires the boundary conditions for the velocity inlet, pressure outlet, 
adiabatic wall for the flow restriction device and the outer wall that absorbs the solar radiation as 
heat flux. 
Analytical model 
The analytical model includes the fundamental mass, momentum and energy conservation equations 
associated with two transport equations for RNG κ-ε model to calculate the turbulent energy 
production, κ and the turbulent energy dissipation, ε. The governing equations are as follows: 
The mass conservation equation is the so-called continuity equation can be expressed in differential 
form as: 
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where, gi is the gravitational acceleration field such that gi = (gx, gy, gz ) along the global x, y and z 
directions respectively. 
Considering the gravity along the global y direction, the momentum equations for a three 
dimensional steady state incompressible flow can be rewritten as 
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where, µ  and µ t are the molecular viscosity and turbulent (eddy) viscosity respectively. 
The conservation of energy equation is based on energy balance can be computed by 
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Two transport equations for RNG κ-ε model to calculate the turbulent energy production,  and the 
turbulent energy dissipation, ε are 
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respectively. 
where, C1ε and C3ε are two model constants equal to 1.42 and 1.68 respectively, Gκ and Gb are 
turbulent kinetic energy generation due to mean velocity gradient and buoyancy effect respectively, 
and ακ and αε  are the inverse effective Prandtl numbers for κ and ε and respectively.  
Eddy viscosity is modified for swirl generation in the RNG model as 
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where, Cµ= 0.0845, αs is swirl constant roughly set to 0.07 for mild swirl flows and even more can 
be set for strongly swirl flow, and Ω is characteristics swirl number that is calculated inside the 
Ansys Fluent.  
The turbulent kinetic energies and other constants of equations 8 and 9 are calculated by, 
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where, β is (≈0.012) the coefficient of thermal expansion,  S is the mean rate of strain tensor, η ≡ 
Sκ/ε and η0 = 4.38. 
The inverse effective Prandtl numbers, ακ and αε are calculated using the following relation, which 
is derived analytically by the RNG theory as follows 
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(12) 
In the high Reynolds number limit {µ/(µ+µ t)<<1}, generally ακ = αε ≈ 1.393. 
Boundary conditions 
Following boundary conditions are applied in the model as detailed. 
a. Flow inlet and outlet boundary conditions: Velocity inlet: uavg = w = (ύ /Across), u = v = 0.0 
and T = Tin. Pressure outlet: fully developed viscous flow (tube length >> hydraulic entry 
length). Turbulence intensity, in is calculated based on hydraulic diameter, Dh (= 0.0152 m) 
by the relation 
( ) %100Re16.0 8/1 ×= −
hDin
κ
 
b. Wall boundary conditions: The walls are modeled as stationary and no-slip wall. To handle 
the viscous effect properly close to the solid walls, near-wall treatment was accomplished by 
the standard wall functions developed by Launder and Spalding (Launder and Spalding 1974). 
c. Outer surface of the flow restriction device: adiabatic or zero heat flux condition and zero 
thickness that is no shell conduction  
d. Outer surface of the absorber tube: non zero heat flux condition with zero wall thickness and 
no shell conduction. Incident solar radiation is modeled as heat flux profile around the 
absorber tube, and the profile is approximated from Cheng et al. (2010).  
e. The HTF is Syltherm 800. Polynomial correlations of temperature dependent properties for 
this HTF is developed based on the oil properties data published by The Dow Chemical 
Company (1997). 
 
 
   
 The 4th International Conference on Computational Methods (ICCM2012), Gold Coast, Australia 
www.ICCM-2012.org 
  
November 25-27, 2012, Gold Coast, Australia 
www.ICCM-2012.org 
Optical modeling 
Cheng et al.(2010) have calculated the radiation flux profile around the absorber tube by using the 
Monte Carlo Ray Tracing (MCRT) technique as shown in Fig. 3(a). The same, essentially the local 
flux intensity, is approximated manually as shown in Fig. 3(b) for a given “reference insolation” 
(test option 2 of Table 1). The shape of the profile is constant and the local flux intensity on the 
receiver surface for any other insolation is multiplication of the ratio of the desired insolation to the 
reference insolation at steady state condition for a certain geometric configuration of the collector is 
assumed for this approximation. The approximated profile negligibly over predicts the average heat 
flux. However, this variation should not impede the intended purpose of this work that can be 
presumed from Fig. 3(b). After reading the data from Fig. 3(a), polynomial functions for each 
continuous segment of the profile are developed by adopting the built-in curve fitting technique in 
the Microsoft Excel. By using these functions, a macro, suitable for Fluent, is developed to feed the 
360° 
180° 
Fig. 4. Sectional view of the computational domain (fluid domain only) along the y-z 
plane: (a) longitudinal section and (b) cross-section. 
b (side view) 
Pressure outlet 
Symmetry plane 
Outside 
wall 
Velocity inlet Adiabatic wall 
Outside wall 
a (front view) 
Y 
x 
Y 
z 
a Cheng et al.(2010)                                       b 
Fig. 3. Concentrated irradiation flux profile around the absorber tube, (a) developed by 
Cheng et al. (2010) and (b) approximated profile for this research. 
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flux profile into the computational domain as a heat flux wall boundary condition on the outer 
surface of the absorber tube. 
Numerical approach: 
The governing equations (1) to (12) are highly coupled and nonlinear to solve them analytically. 
Therefore, numerical approximation is adopted to solve these equations. State-of-the-art CFD 
allows CHT problems to be analyzed numerically. Ansys Fluent 13.0 academic version was chosen 
for the current analysis, in which the governing equations are discretized by using finite volume 
method. 
Table 1: Selected test conditions from Dudley et al. (1994) 
Test 
conditions 
Ib    
(W/m2) 
ύ 
×10-4     
(m3/s) 
V 
(m/s) 
Tamb     
(oC) 
Tin       
(oC) 
(To)Dudley    
(oC) 
(η)Dudley 
(%) 
EDudley 
(%) 
Test 1 933.7 7.95 0.5702 21.2 102.2 124 72.51 1.95 
Test 2 937.9 9.25 0.6634 28.8 297.8 316.9 67.98 1.86 
Test 3 920.9 9.47 0.679 29.5 379.5 398 62.34 2.41 
Preprocessing of the numerical model: 
The receiver contains different domains including two solid domains for the flow restriction device 
and the absorber tube, and a fluid domain for HTF. In order to simplify the model and to minimize 
the computational expenses, only a cut section through the symmetry plane of the fluid domain for 
HTF is modeled as shown in Fig. 4. As long as the numerical accuracy is concern, there is a trade 
off between the mesh resolution in the computational domain and the computing expenses. To 
ensure the current study is grid-insensitive, the grid systems tested by Cheng et al.(2010) is 
followed, and reasonably higher mesh resolution is chosen near the wall surfaces and the flow inlet-
outlet boundaries to capture the flow-physics, for instance, the viscous boundary layers at the wall 
surfaces, properly. The radiation flux profile is transferred into the computational domain as heat 
flux profile on the outer wall of the tube with a self-developed macro. The macro is directly 
interpreted in the Fluent and hooked as a wall heat flux boundary condition. 
Numerical schemes: 
The finite volume method is adopted for spatial discretization of the governing equations. Second 
order upwind scheme is chosen to approximate the energy equation, two transport equations for κ 
and ε, and the advection term in the momentum equations. Pressure-velocity coupling is ensured by 
using SIMPLE algorithm. For better control in the solution, under relaxation factors are chosen 
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(Saha 2009), which are 0.5 for pressure, 0.7 for momentum, 0.8 for both turbulent species and 1 for 
rest of the quantities. 
Table 2: Computational results for different test conditions 
Test 
conditions 
Ib    
(W/m2) 
(To)Dudley    
(oC) 
(To)Cheng 
(oC) 
(To)model       
(oC) 
(Emodel) 
w.r.t 
Dudley       
(%) 
(Emodel) 
w.r.t 
Cheng      
(%) 
(ECheng) 
w.r.t 
Dudley      
(%) 
Mean 
(Emodel) 
w.r.t 
Dudley       
(%) 
Mean 
(Emodel) 
w.r.t 
Cheng      
(%) 
Test 1 933.7 124 126.8 120.3 2.95 5.09 2.3 
1.70 1.82 Test 2 937.9 316.9 319.4 320.1 -1.00 -0.21 0.8 
Test 3 920.9 398 401.9 402.5 -1.14 -0.16 1.0 
Computational model validation: 
In order to validate the model directly, the test conditions chosen by Cheng et al. (2010) from 
Dudley et al. (1994) are also selected for this current study as shown in Table 1. TThe test 
conditions considered were 1) daily average insolation, 2) ambient temperature, 3) thermal 
efficiency, 4) estimated error of the thermal efficiency, 5) HTF flow rate, 6) HTF linear velocity 
and both 7) inlet and 8) outlet temperatures. The test results, Table 2, considered were 1) HTF outlet 
temperature, 2) relative errors and 3) average relative errors. The relative errors are calculated based 
on the HTF outlet temperature with respect to that of Dudley et al. (1994).  
Based on the experimental results, Dudley et al. (1994) developed performance equations (see 
equation 13) for the collector by multiple regression of the data matrix, which is applicable over the 
temperature range between ambient and 400ºC, and the insolation range between zero and ≈1100 
W/m2. As the outlet temperature is used to calculate the efficiency, this parameter is chosen to 
verify the model instead of empirically derived efficiency value. The table shows that the maximal 
relative error and the average relative error of the model with respect to Dudley et al. (1994) are 
around 2.95% and 1.7% respectively, and those with respect to Cheng et al. (2010) are around 
5.09% and 1.82% respectively. This good agreement affirms the reliability of the numerical model 
for furthering the analyses.  
( ) )/(0691.0/(496.0)]007276.03.73[ 2 bb ITITTK ∆−∆−∆−=η  (13) 
As it is seen from Table 2, Test 2 shows the better agreement with the experimental result than Test 
1 and Test 3. This is may be because the solar irradiance of Test 2 is taken as the reference value to 
tune the local concentrated solar irradiance on the receiver as explained in the “Optical modeling” 
section. Therefore, the computational results reported in this article may be biased by this tuning. 
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However, if the error between the model and the experimental results exceeds the tolerance limit, 
say 5%, checking the model and its assumptions is warranted.  
Results and discussions 
Three-dimensional views of the resulted heat flux and temperature contours around the absorber 
tube are presented in Fig. 5(a) and 5(b). The resultant heat flux varies circumferentially from a few 
W/m2 to 50 kW/m2 with the maximum at the lower part of the tube. This phenomenon is quite 
expected because of the profile of the concentrated radiation on the tube surface. This flux profile 
may be depends on the geometrical configurations of the collector for the given sun shape. On the 
other hand, for the given HTF flow (0.6634 m/s), the temperature difference between the inlet and 
outlet edges of the tube is about 75°, with the maximum around 645K at the outlet region of the 
lower quarter of the tube. Taken together the non-uniformity of the irradiance profile, because of 
the diminishing temperature gradient between the tube wall and the flowing HTF from inlet to 
outlet, the surface temperature of the tube varies not only circumferentially, but also longitudinally.  
The same phenomena are further demonstrated graphically in Fig. 6 and 7. Fig. 6 shows the 
circumferential distribution of the resultant heat flux and temperature. Fig. 7 graphs the longitudinal 
temperature profiles at different angular locations of the tube. 
a                                                                 b 
Fig. 5. Three-dimensional view of the resultant heat flux contour (a), and the temperature 
contour (b) respectively around the surface of the receiver tube. 
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Circumferential profiles are graphed at near the inlet (0.35 m), middle (4 m) and near the outlet (7.2 
m) of the tube as represented in Fig. 6(a) and 6(b) for the flux and the temperature respectively. As 
it is seen earlier in the 3D views, there are abrupt changes in the magnitudes of both of the thermal 
properties along the circumference are explicit from these graphs. Moreover, though nothing for the 
heat flux, the temperature differences at the various length locations of the tube have a clear 
contrast, which is echoed further in Fig. 7. The line graphs of the figure show that, the lower part of 
the tube (from 180° to 270°), which is exposed to the concentrated light directly, experiences about 
20° to 50° temperature rise from inlet to outlet, where as the other part of the tube experiences very 
little of that. This is may be because of little buoyancy or swirl of HTF along the vertical axis, 
a                                                                 b 
Fig. 6. Thermal phenomena at the circumference of the receiver tube: (a) resultant heat flux 
profile, and (b) the temperature profile. 
Fig. 7 Temperature profile along the tube length at different angular position. 
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which undermines the thermal performance of the collector. Therefore, any means, may be swirl 
generator for instance, that can increase the transverse movement of the fluid inside the tube, could 
improve the thermal performance of the collector. 
Conclusions 
To visualize and analyze the thermal characteristics, 3D CHT analysis of LS-2 parabolic trough 
collector receiver is performed numerically. The computational model is developed by using Ansys 
Fluent 13.0 academic version based on some simplified assumptions. Three test conditions are 
selected purposely from the existing literature to verify the model directly, and good agreement 
between the model and the test results confirms the reliability of the numerical analyses. Irradiance 
profile around the tube is also tuned from the literature. Polynomial functions of each continuous 
segment of the profile were developed. An in-house macro called UDF was written defining these 
functions. This UDF is interpreted in the software to reproduce the insolation data as heat flux for 
the tube wall. The numerical results show that the resultant heat flux varies circumferentially 
around the tube from a few W/m2 to 50 kW/m2. Consequently, the temperature varies throughout 
the tube surface from around 570K to 645K. The lower half of the horizontal receiver enjoys the 
maximum irradiance, and therefore, experiences the maximum temperature rise compared to the 
upper part with almost leveled temperature. The non-uniform concentrated insolation profile is 
attributed for the flux variation, which may be improved by changing receiver’s external geometry. 
Whereas, little or almost no HTF circulation with high velocity is attributed for little temperature 
change at the upper part of the tube, which might be improved by applying some swirl generator 
inside the tube. Better flux and temperature uniformity not only will improve the overall thermal 
performance of the collector, but also will improve the electrical performance, if any CPV is 
designed. The knowledge will be applied to design an efficient parabolic trough concentrator 
photovoltaic collector in near future. 
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